Background. Killing of bacterial pathogens by granulocytes is a saturable process, as previously demonstrated. There is virtually no quantitative information about how granulocytes interact with antimicrobial chemotherapy to kill bacterial cells.
Ventilator-requiring hospital-acquired bacterial pneumonia (VRHABP) caused by Pseudomonas aeruginosa remains a difficult therapeutic problem for clinicians. While antimicrobial therapy can be optimized [1] , the relationship between the interaction of antibiotics and the bacterial cell killing that is mediated by granulocytes is unclear.
We recently demonstrated in both murine thigh and pneumonia models that bacterial cell killing by granulocytes is a saturable process [2, 3] . In both evaluations, antibiotics were not used. Granulocytes unaided by antibiotics were able to mediate substantial bacterial killing as long as the organism burden remained below the half-saturation point.
In this evaluation, we used the new aminoglycoside plazomicin in a granulocyte-replete murine pneumonia model [3] to examine the interaction of granulocytes with antimicrobial therapy. We initiated a pneumonia with a dense bacterial burden at therapy start and performed a humanized dose-ranging experiment [4] . Other treated cohorts of animals were observed for 24 hours after therapy cessation to examine the impact of granulocyte killing on the residual bacterial burden.
METHODS

Microorganism
P. aeruginosa strain ATCC 27853 was used. The minimum inhibitory concentration (MIC) of plazomicin was determined by the CLSI microbroth method [5] .
Pharmacokinetic Studies
To correlate the doses of drug administered to mice with measures of exposure, pharmacokinetic studies were conducted in separate cohorts of mice with P. aeruginosa pneumonia. We administered plazomicin [6] on a humanized dosing scheme in which the drug was delivered 5 times over a 24-hour interval. The humanization scheme was derived from earlier singledose pharmacokinetic studies performed with plazomicin (data not shown). The fraction of the total daily dose at each injection was 0.555, 0.238, 0.127, 0.047, and 0.033 mg/kg of body weight. These doses were administered 2, 6, 10, 16, and 22 hours, respectively, after bacterial challenge. Plazomicin total daily doses of 5.5, 10.9, 14.6, 18.2, 21.9, 43.8, 87.5, 175, and 225 mg/kg/day were evaluated.
Briefly, granulocyte-replete mice were infected with P. aeruginosa ATCC 27853 via the intranasal route. Two hours later, the humanized regimens for the total daily doses of plazomicin were administered to different cohorts of mice. Plasma and bronchoalveolar lavage (BAL) fluid specimens were collected from 3 euthanized mice per time point (and dosage) at 10 time points over the 24-hour pharmacokinetic study. Plasma and BAL fluid specimens were stored at −80°C until they were assayed for drug content by liquid chromatography with tandem mass spectrometry (LC/MS-MS). The prediluted concentration of antibiotic in the BAL fluid (which consisted of epithelial lining fluid [ELF]) was calculated by comparing the ratio of the amounts of urea measured in simultaneously collected plasma and BAL fluid specimens.
Murine Pneumonia Model
The model and detailed methods have been previously described [7] . All animal experimentation was approved by the local institutional animal care and use committee. A mouse pneumonia model previously described [7] was used. Female, 24-26-g, outbred Swiss-Webster mice (Taconic Farms, Taconic, NY) were provided water and food ad libitum. Anesthetized mice were infected via the intranasal route with a 20-µL volume, using 2 × 10 7 colony-forming units (CFU) of P. aeruginosa. The bacterial inoculum was confirmed by quantitative cultures. Two hours after bacterial inoculation and just prior to therapy initiation, 5 mice were euthanized for baseline quantitative cultures of lung homogenates. Eighteen animal cohorts were administered plazomicin. There was also an untreated control group (cohorts 19 and 20) . Twenty-six hours after infection, therapy was stopped, and 1 untreated control group and 9 cohorts of treated mice were humanely euthanized. The other control group and 9 treated cohorts were followed to hour 50. At this time, these groups were humanely euthanized.
The tissues were homogenized and washed with normal saline solution to prevent drug carryover. Homogenates were then quantitatively cultured onto drug-free agar to characterize the effect of each regimen on the total bacterial population.
After incubation of the plates at 35°C for 48 hours, colonies were enumerated. Means and standard deviations for the quantitative culture samples were calculated.
Assays of Plazomicin and Urea Levels in Plasma and BAL Fluid Specimens
Mouse plasma samples (0.050 mL) were deproteinated with acetonitrile (0.150 mL). The samples were centrifuged, and an aliquot of the supernatant (0.050 mL) was transferred into an appropriately labeled autosampler vial containing 1.00 mL of high-pressure liquid chromatography (HPLC)-grade water. Samples were analyzed by high-pressure LC/MS-MS for plazomicin concentrations. Mouse BAL fluid samples (0.050 mL) were diluted with 0.100 mL of HPLC-grade water and were also analyzed by high-pressure LC/MS-MS for plazomicin concentration determinations. The LC/MS-MS system was composed of a Shimadzu Prominence HPLC system and an Applied Biosystems/MDS Sciex API5000 LC/MS-MS system.
For plazomicin, the coefficient of variation over 0.1-100 mg/L (2 regression curves) was 2.15%-8.35% for plasma. For BAL fluid, these values ranged from 1.54% to 9.17%. For urea, the range of the coefficient of variation was 3.63%-10.5% for plasma and 5.85%-9.77% for BAL.
Mathematical Models
As mentioned above, we performed a separate pharmacokinetic study in infected mice. This model has been described previously [7] :
and
where CL/F is defined as the apparent plasma clearance rate; K a is the first order absorption rate constant; K gmax is the first order growth rate constant; K 23 , K 32 , K 24 , and K 42 are first order intercompartmental transfer rate constants; V ELF is the volume of the ELF compartment; and X 1 -X 4 represent the amount of plazomicin in the absorption compartment (ie, the site of injection), the central compartment (rapidly exchangeable volume, closely associated with blood), the rest of the mouse, and the ELF, respectively. The plasma concentration of plazomicin is calculated as X 2 /[V c /F ], where V c is defined as the volume of the central compartment. The plazomicin concentration in the ELF is defined as X 4 /V ELF. F is absolute bioavailability which was not measured. The relationship between drug exposure and cell killing, as well as the cell killing attributable to granulocytes, was also evaluated, as follows:
where K killmax is the maximal kill rate constant for plazomicin therapy, K killWBC is the maximal kill rate attributable to granulocytes; Plazo Kill is the sigmoid E max function for cell kill, in which C 50-Plazo-Kill is the plazomicin concentration at which the plazomicin-attributable kill is half maximal and H is Hill's constant; Pop max is the maximal size of the bacterial population; and WBC Kill50 is the bacterial burden at which granulocyte-mediated kill is half saturable. In the system output, CFU/g values are log 10 transformed. The BigNPAG program described by Leary et al [8] was used for population modeling. The inverse of the estimated observation variance was used for weighting. Bayesian estimates were obtained using the population-of-one utility in BigNPAG. Model evaluation was performed by predicted-observed plots. The mean weighted error served as the measure of bias. The bias-adjusted weighted mean squared error served as the measure of precision.
Simulation was performed using the ADAPT V package of programs [9] .
RESULTS
Plazomicin MIC and Mutational Frequency to Plazomicin Resistance
The plazomicin MIC for the challenge strain was 2 mg/L, as determined in triplicate. The mutational frequency to plazomicin resistance for P. aeruginosa ATCC 27853 ranged from 1/389 045 colonies (−5.59 log 10 CFU/mL) to 1/426 580 colonies (−5.63 log 10 CFU/mL).
Murine Pharmacokinetics of Plazomicin
The mean and median parameter vectors as well as the estimates of standard deviations of the parameter values for the population are shown in Table 1 . By simulation, the fractional penetration (AUC ELF /AUC PLASMA ) for plazomicin into ELF was 0.876.
The model fit the data acceptably well. For the pre-Bayesian ( population) estimation, the plasma concentration predictedobserved plot had the following regression line: observed = The median estimates were used for fitting drug exposure and the impact of white blood cells on colony counts over time in the second pharmacodynamic population analysis.
Pharmacodynamics of Plazomicin and Impact of Granulocytes on Cell Killing in Murine Lungs
The colony counts over time are displayed for all groups in Figure 1 . No animals from the untreated control group or the lowest dosing group for plazomicin survived to hour 50. Colony counts in the other lower dosing groups (10.9 and 14.6 mg/kg/ day) displayed net increases between hours 26 and 50. This transitioned to stasis at intermediate doses (18.2 and 21.9 mg/ kg/day) and, at higher doses (≥43.8 mg/kg/day), there was net cell kill between hours 26 and 50, even though there was no further plazomicin dosing after hour 20 and plazomicin concentrations were <0.61 mg/L in plasma and <0.56 mg/L in ELF at hour 26 ( plazomicin MIC, 2.0 mg/L). The point estimates and measures of dispersion of the pharmacodynamic model parameters are displayed in Table 2 . Again, the fit of the model to the data was acceptable. For the pre-Bayesian regression, the predicted-observed plot had the following regression line: observed = 1.178 × predicted-1.200; r 2 = 0.747; bias = 0.011; precision = 3.339.
For the Bayesian (individual) estimation, the predictedobserved had the following regression line: observed = 1.104 × predicted -0.724; r 2 = 0.896; bias = 0.079; precision = 1.402.
For this output, the P value was << .001. The estimate for WBC k50 was 2.68 × 10 6 ± 6.84 × 10 5 CFU/g in this experiment. In previous experiments [2, 3] , the estimate for this parameter was 4.30 × 10 6 ± 3.75 × 10 6 (in a murine thigh infection model) and 2.15 × 10 6 ± 2.66 × 10 6 (in a murine pneumonia model).
DISCUSSION
How antimicrobial therapy interacts with granulocyte clearance of pathogens at an infection site has been a neglected question. There are infections in which it is known that obtaining therapy deemed "adequate" early in the therapeutic course has a major impact on the infection outcome. An example is staphylococcal bacteremia [10] . Another example is VRHABP [11, 12] . For the latter, "adequate" is merely the use of an agent to which the pathogen of interest is considered "susceptible."
In this investigation, we have built on previous work [2, 3] in which we demonstrated that granulocytes can have a major effect on the clearance of bacterial pathogens (P. aeruginosa and Staphylococcus aureus were studied in murine models of pneumonia and thigh infection). These investigations were performed without the use of antimicrobial therapy. We demonstrated that granulocyte-mediated bacterial cellular killing is saturable and that the half-saturation point is slightly in excess of 10 6 CFU/g of tissue, both for S. aureus (thigh infection model) and P. aeruginosa (thigh infection and pneumonia models).
Here, we examined whether this effect is altered when antimicrobial therapy is initiated. In this study, we examined a range of plazomicin doses (an aminoglycoside antimicrobial) such that we would expect in this granulocyte-replete model, some mice would have their initial bacterial burden remain above the half-saturation point in spite of the (lower) drug exposures, while others would remain in the vicinity of the halfsaturation point while the higher drug exposures would reduce the bacterial burden below this point. The last fraction of the total daily dose was administered at hour 22 (challenge was at hour 2), ensuring that both plasma and ELF drug concentrations would be far below the MIC by hour 26. Cohorts of animals were then observed for another 24 hours.
The results were clear-cut. A large mathematical model was fit to the colony count data. We were able to demonstrate that both drug exposure and granulocyte-mediated bacterial cell killing had an important effect on bacterial clearance.
The model demonstrated that, after plazomicin levels declined below an effective level, the granulocytes were able to In the system output, CFU/g values are log 10 transformed. Abbreviations: C 50-Plazo-Kill , plazomicin concentration at which the plazomicin-attributable kill is half maximal; H, Hill's constant; IC 5 , initial bacterial burden at therapy initiation; K gmax, first order growth rate constant; K killmax , maximal kill rate constant for plazomicin therapy; K killWBC , maximal kill rate attributable to granulocytes; Pop max , maximal size of the bacterial population; WBC Kill50 , bacterial burden at which granulocyte-mediated kill is half saturable.
mediate an important level of bacteria killing over the succeeding 24 hours (hours 26-50), as long as the plazomicin therapy could bring the P. aeruginosa colony counts substantially below the half-saturation point (Figure 1 ). Table 2 shows that the half-saturation point for granulocytemediated bacterial killing ( parameter WBC K50 ) was essentially unchanged from that seen in our previous investigations (2.68 × 10 6 ± 6.84 × 10 5 CFU/g here vs 2.15 × 10 6 ± 2.66 × 10 6 for murine pneumonia and 4.30 × 10 6 ± 3.75 × 10 6 CFU/g for murine thigh infection). This indicates that the granulocytes are likely an independent source of bacterial cell clearance. The effect of the antimicrobial, while highly important on its own, attains added importance when it brings the bacterial burden down to a level that allows the granulocytes to kill an additional 1-2 log bacterial CFU over the subsequent 24 hours. This will hasten the resolution of the infection. Such optimization of both antimicrobial killing and granulocyte-mediated bacterial killing likely has special importance in the therapy of VRHABP. Multiple authors [11] [12] [13] [14] have demonstrated the importance of early adequate therapy. These data may provide the explanation for these clinical findings.
VRHABP is an infection in which the bacterial burden is very high. The definition of pneumonia after BAL is the finding of ≥10 4 CFU/mL of BAL fluid. This is the resultant colony count after dilution by the BAL fluid. Previous investigations have shown that this dilution factor is on the order of 30-100-fold [15] , as demonstrated by urea dilution between plasma and BAL fluid. Consequently, the bacterial burden after BAL in a documented case of VRHABP is >3 × 10 5 CFU/mL. This is at the bottom of the range specified in the definition of the condition. All other patients will have greater burdens. Given our identified half-saturation point, attainment of early, adequate chemotherapy and its subsequent salutary effect becomes understandable. Zaccard et al [16] examined bilateral BAL specimens from patients with suspected VRHABP. There were 134 samples from patients infected with P. aeruginosa, Enterobacter species, K. pneumonia, Acinetobacter species, and Serratia marcescens. After correction for the ≥30-fold dilution (which was not done in the study by Zaccard et al), the bacterial baseline burdens were distributed as shown in Table 3 . Greater than a majority of patients had a baseline bacterial burden that met or exceeds the half-saturation point seen in our studies. The burden in one quarter of patients was near the range of full saturation. We speculate that this observation is a major reason that these patients are so difficult to treat successfully. In many, the granulocytes are essentially taken out of the equation by the size of the bacterial burden. This large burden also markedly increases the likelihood of resistance emergence, because in many instances the organism number will exceed the inverse of the mutational frequency of resistance. Rapid emergence of resistance has been documented during therapy in randomized trials for this condition, particularly in P. aeruginosa [17, 18] .
Finally, this also provides insight into why early adequate antimicrobial therapy has a salutary impact on patient outcome. Aggressive, adequate therapy will reduce the bacterial burden below the half-saturation point and allow granulocytes to increase bacterial clearance. Rapid clearance of the bacterial infection may result in better clinical outcomes. Alvarez-Lerma et al demonstrated that, in patients with hospital-acquired bacterial pneumonia [19] , early, adequate antimicrobial therapy significantly lowered attributable mortality, the number of complications per patient, and the incidence of shock. The results of our investigation are concordant with those of the study by Alvarez-Lerma et al [19] but are also more detailed. Here, the mean half-saturation point (WBC K50 ) was 2.45 × 10 6 CFU/g (95% confidence interval [CI], 1.11 × 10 6 -3.79 × 10 6 CFU/g), and the median was 2.68 × 10 6 CFU/g. Figure 1 and Table 3 show that near-maximal granulocytemediated bacterial cell killing requires that the bacterial burden be reduced by chemotherapy to ≤10 5 CFU/g. Table 3 shows that this reduction can be achieved in a relatively high fraction of patients if 2 log 10 CFU/g are killed early after therapy initiation. Consequently, when therapeutic regimens are being designed for patients with VRHABP, the minimal pharmacodynamic target (such as that seen in an animal model or from a hollow fiber system evaluation) should be to kill 2 log 10 CFU/g. It would also be important to also attain resistance suppression. For the latter, particularly with P. aeruginosa infections, initiation of combination therapy may be the best way to attain these goals [20] [21] [22] . These findings set the stage for performing a clinical trial to validate this hypothesis. Finally, duration of therapy remains an issue for these patients. Chastre et al [23] performed a randomized, double-blind trial comparing 8-day with 15-day courses of antimicrobial therapy in 401 patients with VRHABP. There were no mortality differences between the groups. The one major difference seen was in the subgroup of patients infected with nonfermenting gram-negative bacilli (eg, P. aeruginosa and Acinetobacter species). Here, there was a statistically significant difference in the recurrence rate Values were determined on the basis of methods reported by Zaccard et al [16] . Dilution corrections were made on the basis of urea dilution findings in patients with ventilator-requiring hospital-acquired bacterial pneumonia [15] . a Colonies per milliliter of epithelial lining fluid.
that favored a longer therapy duration (40.6% vs 25.4%; absolute difference, 15.2% [90% CI, 3.9%-26.6%]). However, among patients who developed recurrent pulmonary infections, multidrug-resistant pathogens emerged less frequently in those who had received antibiotics for 8 days (42.1% vs 62.0%; P = .04).
We have performed this particular experiment with a single isolate of P. aeruginosa. It may be that other isolates, particularly tolerant organisms or strains that are particularly slow growing, will respond differently. Further experimentation is needed to confirm this.
By identifying a pharmacodynamic bacterial killing target of >2 log 10 CFU/g for these patients, we can hopefully reduce the number of recurrences, shorten the therapy duration, and decrease the emergence of resistance. Having the help of granulocytes in bacterial clearance is key to attaining these outcomes.
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